INTRODUCTION
============

Selenocysteine (Sec)-containing proteins serve important oxidoreductase functions in a variety of organisms in all three domains of life ([@b1]). Although the mechanism of Sec synthesis and incorporation into nascent peptide chains has been well characterized in bacteria, a much different strategy for selenoprotein biosynthesis has evolved in archaea and eukaryotes ([@b2],[@b3]). To support Sec insertion into nascent peptide chains, bacterial selenoprotein mRNA has to contain *cis*-acting elements in the form of a UGA codon and a stem--loop structure immediately downstream, which allows recoding of the codon from stop to Sec insertion ([@b4]). This secondary structure is known as Sec insertion sequence (SECIS) element ([@b5]). In bacteria, the essential region for Sec insertion is located in the apical loop of the SECIS element, which includes the binding site for a specialized elongation factor SelB. SelB in turn recruits Sec tRNA and mediates elongation at the in-frame UGA by competing with a release factor ([@b3]). As a result, the process of Sec incorporation is relatively slow and inefficient.

In archaea and eukaryotes, a different mechanism has evolved, which has puzzled researchers for the past 15 years. Most strikingly, the essential *cis*-acting SECIS element is not located immediately downstream of the corresponding UGA codon but has evolved in the 3′-untranslated regions (3′-UTRs) of the selenoprotein-encoding mRNAs ([@b6]). The location of the SECIS element immediately downstream of UGA stalls the ribosome complex during elongation thereby increasing efficiency of Sec insertion ([@b3],[@b7]). The 3′-UTR location requires a different mechanism for the access of Sec tRNA to the ribosomal A-site ([@b8],[@b9]). A kink-turn structure located in the stem-region of the SECIS element is the binding site of SECIS-binding protein 2 (SBP2) ([@b8]). However, in eukaryotic SECIS elements additional nucleotides have been identified in the stem region as being essential for the binding of SBP2, a protein belonging to the ribosomal protein L7Ae/L30e/S12e/Gadd45 family ([@b10]). Mutations in this region have been shown to abrogate selenoprotein synthesis, indicating that SBP2 is an essential factor for Sec insertion. In eukaryotes, a Sec tRNA-specific elongation factor (EFSec) has been identified which is a functional homolog of the bacterial SelB gene product and has been found to be recruited by and to interact with SBP2 ([@b2],[@b11]). In addition, archaeal and eukaryotic genomes code for several other factors implicated in selenoprotein synthesis which are described elsewhere ([@b12]).

Selenoproteins have been conserved throughout evolution, most likely because of their unique physico-chemical properties as compared with their sulfur-containing homologs. However, identification of these proteins in sequence databases is challenging due to recognition of Sec-encoding UGA codons as stop signals by sequence annotators. Recently, bioinformatics tools have been developed that detect selenoprotein genes by searching for SECIS elements, cysteine-containing homologs and coding nature of UGA codons ([@b13]--[@b15]). Application of these tools identified full sets of selenoproteins in many prokaryotic and several eukaryotic organisms ([@b15]--[@b18]).

In 1998, a widely recognized study reported that even a virus has taken advantage of a selenoprotein by acquiring the human gene for glutathione peroxidase 1 (GPx1) in order to protect itself and the host cell from environmental stress ([@b19]). To date, no additional scientifically proven Sec-containing proteins have been identified in viral genomes. Here, we applied sensitive computational approaches to characterize viral selenoproteomes. Three SECIS elements have been detected in the searches. Interestingly, a fowlpox virus structure was found to be residing in the coding region of a GPx4 homolog. We demonstrated that mammalian cell lines support the expression of in-frame SECIS element-containing mRNAs of both viral and mammalian origin. This study reports for the first time that the location of the SECIS element in the 3′-UTR is not a functional necessity but rather an adaptation to the more complex translation mechanism of higher organisms. The results should be of interest for future studies investigating the mechanism of selenocysteine insertion.

MATERIALS AND METHODS
=====================

Databases and programs
----------------------

Nucleotide sequences of viral genomes were downloaded from NCBI (<http://ncbi.nlm.nih.gov/>) using Batch Entrez. Human genome sequences and non-redundant protein sequences (<ftp://ftp.ncbi.nih.gov/genbank/>) were also obtained from NCBI. SECISearch was used for the identification of candidate SECIS elements ([@b20]). BLAST and FASTA packages were used for similarity searches ([@b21]).

Identification of homologs of known selenoprotein genes
-------------------------------------------------------

A full set of known eukaryotic selenoproteins, including human selenoproteins and several selenoproteins with restricted occurrence (i.e. *Chlamydomonas* MsrA, *Gallus gallus* SelU and protein disulfide isomerase from *Emiliania huxleyi*) were used as query sequence ([@b20],[@b22]--[@b24]). A stand-alone version of TBLASTN program was utilized for the detection of nucleotide sequences corresponding to known selenoprotein families. In addition, all known prokaryotic selenoproteins, including recently discovered selenoprotein families from Sargasso Sea organisms were used in the searches ([@b20],[@b25]).

Searches for SECIS elements
---------------------------

A loose pattern of SECISearch with relaxed settings was utilized. A step-by-step description of the search procedure is as follows: *Analysis of primary nucleotide sequence*. PatScan was used to search for the NTGA\_\_AA\_\_GA pattern, which was optimized for SECIS elements as described previously ([@b20],[@b26]). Additional requirements included (a) the distance between the Quartet (NTGA) and the unpaired AA/CC in the apical loop of 10--13 nt; (b) length of the apical loop without the unpaired AA/CC of 6--23 nt; (c) no more than one insertion, one deletion and two mismatches in the stem preceding the unpaired AA/CC; and (d) the presence of an additional stem upstream of the Quartet.*Prediction and analysis of secondary structure*. Each SECIS candidate was examined for consistency with the eukaryotic SECIS consensus model. Additional filters excluded Y-shaped SECIS elements and SECIS elements with \>2 consecutive unpaired nucleotides.*Estimation of the free energy for each SECIS candidate structure*. Using RNAfold from Vienna RNA package, the free energies for the whole structure and the upper stem--loop were calculated, with the threshold value of −12.6 kcal/mol for the former and −3.7 kcal/mol for the latter ([@b27]). Only thermodynamically stable structures were further considered.*Protein identification*. This step includes analyses of SECIS location and identification of open reading frames (ORFs). The purpose was to filter out SECIS candidates located on the complementary strand.The final step included sequence analyses of predicted ORFs to identify candidate Sec-encoding TGA codons.

Design of in-frame SECIS elements
---------------------------------

Design of in-frame SECIS elements was carried out using the following procedure: Nucleotide sequences of mouse GPx1 and GPx4 were analyzed with RNAfold for occurrence of stem--loop structures resembling SECIS elements in the overall shape and conservation of functional regions. The best candidates located downstream of the Sec-encoding TGA codons were selected in each case.Reverse-translation of the corresponding coding regions using ambiguous nucleotide codes was carried out.Minimal differences between the existing nucleotide sequences and the sequences that satisfied eukaryotic SECIS consensus were identified using SECISearch.Necessary mutations were subsequently introduced by site-directed mutagenesis to generate structures with high SECISearch scores.

Cloning strategies
------------------

All constructs used in this study were generated using pEGFP-N1 (Clontech, Mountain View, CA). Initially, a V5 epitope encoding sequence, including an ATG initiation codon, was cloned into the XhoI and HindIII sites. Next, the vector was cut with HindIII and AflII, which removed the EGFP ORF and the vector-encoded polyadenylation signal. PCR products for mouse genomic GPx1, mouse GPx4 cDNA and fowlpox GPx containing endogenous 3′-UTRs including poly(A) signals were cloned into the HindIII and AflII sites. Control constructs lacking functional SECIS elements were generated by site-directed mutagenesis by changing the conserved Quartet region ATGA to AAAA and/or the apical loop region AA to TT. These changes are indicated in the manuscript as ΔATGA and ΔAA, respectively. The construct GPx1 ΔTAA was generated by deleting the TAA stop signal. The construct GPx1 FPV SECIS was generated by introducing a BamHI restriction site immediately after the stop codon. This construct was subsequently cut with BamHI and AflII to remove the GPx1 3′-UTR. The fowlpox virus SECIS element-encoding region and 3′-UTR were amplified with PCR primers containing BamHI (and one additional nucleotide in frame with the GPx1 ORF) and AflII restriction sites and cloned into the corresponding sites of the vector. In the final step, the stop codon and the BamHI restriction site were deleted by site-directed mutagenesis. Constructs GPx1 1.IFS, GPx1 2.IFS and GPx4 IFS (for In-Frame SECIS) were generated by disrupting the SECIS element in the 3′-UTR by site-directed mutagenesis; in addition, changes in the sequences were introduced to stabilize the structures as shown in Figure 6A and B. All Cys mutants used in this study were also generated by site-directed mutagenesis. Constructs containing a functional SECIS element coding for sequences corresponding to the N-terminal portion of an ORF were generated by cloning the ORF containing the fowlpox virus SECIS region into the NheI and XhoI sites of pEGFP-N1. The sequence containing V5 tag and GPx1 ORF with disrupted 3′-UTR SECIS element was cut from the control construct GPx1 ΔATGAΔAA with HindIII and AflII and pasted downstream of the fowlpox virus SECIS sequence (Figure 8B). In order to be in frame with the downstream region, the forward primer for the fowlpox virus SECIS contained an ATG initiation codon and one additional nucleotide. Modified constructs of this type were generated by deleting the HindIII restriction site and the ATG codon of the V5 tag by site-directed mutagenesis. These modifications resulted in higher expression levels, likely by preventing alternative translation initiation. Primer sequences are available on request.

Cell culture, transfections and metabolic labeling
--------------------------------------------------

Mouse hepatoma cell line Hepa 1--6 and human embryonic kidney HEK293 cells (ATCC, Manassas, VA) were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 100 U/ml penicillin and 100 U/ml streptomycin. Transfections were carried out in 6-well plates using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer\'s instructions. An aliquot of 4 μg cDNA per well was used in a ratio of 1:2 in OptiMEM (Invitrogen, Carlsbad, CA) for 5 h. The transfection medium was replaced with regular culture medium and cells were harvested after an additional 48 h. Metabolic labeling was done by supplementing the cell culture medium with ^75^Se (specific activity 1000 Ci/mmol; Research Reactor Facility, University of Missouri, Columbia, MO) with 2.5 μCi/ml for 48 h, without the addition of unlabeled selenium.

SDS--PAGE and Western blot analyses
-----------------------------------

Forty-eight hours post-transfection, the cells were washed three times with phosphate-buffered saline (PBS) and lysed in 300 μl lysis buffer (Sigma--Aldrich, St Louis, MO), and 1/10 volume was electrophoresed on NuPage 10% polyacrylamide gels and transferred on to polyvinylidene difluoride membranes (Invitrogen, Carlsbad, CA). Membranes were then incubated with mouse monoclonal anti-V5 antibody (1:5000) (Invitrogen, Carlsbad, CA) and horseradish peroxidase (HRP)-conjugated secondary anti-mouse antibody (1:10 000). After washing, the membranes were incubated with chemiluminescent peroxidase substrate-1 (Sigma--Aldrich, St Louis, MO) and exposed to an X-ray film. For the detection of metabolically labeled selenoproteins, the PVDF membrane was exposed to a PhosphorImager screen which was then scanned using a Storm PhosphorImager system (GE Healthcare, formerly Amersham Biosciences, Piscataway, NJ).

RESULTS
=======

Computational analysis of viral genomes for selenoprotein genes
---------------------------------------------------------------

To identify viral selenoprotein genes, we initially scanned all available viral sequences in the NCBI database against representatives of all known prokaryotic and eukaryotic selenoprotein families using TBLASTN. The search was carried out to identify ORFs having in-frame UGA codons corresponding to Sec in known selenoprotein sequences. Only two selenoproteins, both members of the glutathione peroxidase family, were found. One of the detected selenoproteins, from *Molluscum contagiosum* virus, has been described previously ([@b19]). It is essentially a typical eukaryotic selenoprotein with the SECIS element located in the 3′-UTR. Homology and phylogenetic analyses revealed close similarity to human *GPx1*, consistent with acquisition of this gene from the host \[([@b19]) and data not shown\].

The second selenoprotein gene was detected in fowlpox virus and was most homologous to vertebrate *GPx4*, which belongs to a different glutathione peroxidase family ([Figure 1](#fig1){ref-type="fig"} and Supplementary Figure S1). Thus, the fowlpox virus selenoprotein gene was acquired from the host independent of the *M.contagiosum* virus *GPx1*. Although the fowlpox virus selenoprotein gene had an in-frame UGA in the appropriate position that coded for Sec, SECISearch analysis revealed no candidate SECIS element in the 3′-UTR. Instead, a strong candidate SECIS structure was detected in the coding region ([Figure 2](#fig2){ref-type="fig"} and Supplementary Figure S2). This structure satisfied the eukaryotic SECIS consensus, including the conserved SECIS core (Quartet of non-Watson--Crick base pairs) and the conserved AA motif in the apical loop.

![Amino acid sequence alignment of glutathione peroxidases of the GPx4 family. Accession numbers of the sequences used in the alignment are as follows: NP_566128.1 (*Arabidopsis thaliana*), AAH22071.1 (*Homo sapiens*), NP_032188.3 (*Mus musculus*), AAM18080.2 (*Gallus gallus*), AAR83433.1 (canarypox virus), CAE52609.1 (fowlpox virus). In-frame SECIS elements in the C-terminal regions of viral proteins are underlined. Location of catalytic Sec and the corresponding Cys is indicated by an asterisk.](gkl1060f1){#fig1}

![SECIS elements in viral glutathione peroxidases. (**A**) SECIS structures. Left structure, fowlpox virus GPx4 SECIS element. Middle structure, canarypox virus GPx4 SECIS element. Right structure, *H.sapiens* GPx4 SECIS element. SECIS core and unpaired AA nucleotides in apical loop are shown in boldface. (**B**) Location of viral GPx4 SECIS elements within mRNAs and comparison with *GPx4* genes from other sources. Cys-containing GPx4 homologs from higher plants lack a SECIS element. In the human Sec-containing GPx4, SECIS element is in the 3′-UTR. In the fowlpox virus Sec-containing GPx4 homolog, SECIS element is the in the coding region. In the canarypox virus Cys-containing GPx4, a fossil SECIS element is in the coding region. Location of Cys is shown in white and Sec in black. SECIS elements are indicated by light-gray boxes and ORFs by dark-gray boxes. Left and right black lines represent 5′- and 3′-UTRs, respectively.](gkl1060f2){#fig2}

In addition to BLASTN analyses of viral genomes, we searched these genomes for SECIS elements. A stand-alone version of SECISearch was utilized as described in Materials and Methods. A relatively small size of the query sequence (i.e. combined sequences of all viral genomes; the full list of viral genomes is provided in the form of Supplementary Table 1) allowed us to use relaxed parameters in the searches. Results of the search are shown in [Figure 3](#fig3){ref-type="fig"}. After the final step, all candidate SECIS elements could be filtered out except for three structures. Two of them corresponded to fowlpox virus *GPx4* and *M.contagiosum* virus *GPx1* described above. The third one, while satisfying all criteria of the SECIS model, was detected in the coding region of canarypox virus *GPx4* ([Figure 2](#fig2){ref-type="fig"}), a protein highly homologous to fowlpox GPx4. Thus, provided that sequences deposited into the sequence database are correct, the canarypox virus SECIS element is likely a fossil structure that remained in the *GPx4* gene following the conversion of Sec to Cys in the protein. Importantly, two independent methods that searched for (i) homologs of known selenoproteins and (ii) SECIS elements, arrived with the same set of two selenoprotein genes in the scanned viral genomes.

![Analysis of viral genomes for selenoprotein genes. Details of the search are provided in Materials and Methods. The search of 1977 viral sequences revealed three SECIS element structures.](gkl1060f3){#fig3}

Expression of mammalian selenoproteins using in-frame SECIS elements
--------------------------------------------------------------------

To test the surprising finding of the SECIS element within the ORF in our computational screen, we first examined whether mammalian selenoprotein transcripts can be expressed utilizing a coding region SECIS element. Several constructs were generated based on the mouse *GPx1* gene, containing the endogenous intron (thereby subjecting it to the spliceosomal machinery), as well as mouse *GPx4* cDNA. In the case of *GPx1*, deletion of the TAA stop codon allowed a theoretical readthrough until after the SECIS element since no additional in-frame stop codons were present in the message upstream of the SECIS element. In addition to deleting the endogenous stop codon, a construct was generated wherein the 3′-UTR of *GPx1* was replaced with the sequences containing the fowlpox virus *GPx4* SECIS element (including the viral 3′-UTR). In the latter construct, the stop codon was deleted by site-directed mutagenesis, thereby fusing the viral-encoded sequence within the mammalian ORF. Control constructs containing mutations within the SECIS region were also generated. In the case of mouse *GPx4*, the viral SECIS was fused within the mouse *GPx4* ORF such that the coding SECIS region replaced non-homologous sequences of the mouse *GPx4* gene. Again, control constructs with mutations in the conserved SECIS regions were also generated. As shown in [Figure 4A and C](#fig4){ref-type="fig"}, all selenoproteins encoded by transcripts containing in-frame SECIS elements could be expressed in mammalian cells, although at lower levels compared with the constructs expressing wild-type proteins. Mutations in the SECIS core region, however, abrogated Sec insertion completely. In a separate experiment, the transfected cells were metabolically labeled with ^75^Se to directly observe Sec insertion into proteins. As shown in [Figure 4B](#fig4){ref-type="fig"}, ^75^Se insertion was clearly evident in proteins derived from GPx1 and having either mammalian or fowlpox SECIS in the coding region (see lanes GPx1 ΔTAA and GPx1 FPV SECIS). Consistent with the Western blot data, wild-type GPx1 could be expressed more efficiently than the corresponding proteins containing SECIS elements in the coding region and the mutation in the SECIS core disrupted Sec insertion.

![Eukaryotic SECIS elements located in coding regions are functional. (**A**) Western blot analysis of HEK293 cells transfected with GPx1 constructs containing functional in-frame SECIS elements. The indicated constructs were generated by either deleting the stop codon TAA or replacing the GPx1 3′-UTR with the fowlpox virus SECIS element thereby generating a GPx1-FPV fusion protein. (**B**) The same samples as shown in A were metabolically labeled with ^75^Se and exposed to a PhosphorImager cassette. Location of selenoproteins expressed with the help of coding region SECIS elements is shown by arrows on the right. (**C**) Western blot analysis of HEK293 cells transfected with GPx4 constructs containing in-frame SECIS elements. GPx4-based constructs were generated by replacing non-homologous sequences with the fowlpox SECIS element thereby generating a GPx4-FPV fusion protein. Lane designations are as follows: Mock, control transfection; WT GPx1, wild-type *GPx1* gene; GPx1 ΔATGA, mouse *GPx1* gene with disrupted SBP2-binding region; GPx1 ΔTAA, mouse *GPx1* gene with its natural stop codon deleted (allowing the ORF to extend beyond the SECIS element which becomes part of the ORF); GPx1 FPV SECIS, the fowlpox SECIS element replacing the 3′-UTR region of the mouse *GPx1* gene; GPx1 FPV SECIS ΔATGA, the fowlpox virus SECIS was fused in frame with GPx1 and its SBP2-binding site was disrupted; WT GPx4, cells were transfected with wild-type mouse GPx4 cDNA; GPx4 ΔATGA, the SBP2-binding site in the wild-type GPx4 cDNA was disrupted; GPx4 FPV SECIS, the fowlpox virus SECIS element was fused in frame with GPx4 lacking its own 3′-UTR; GPx4 FPV SECIS ΔATGA, the fowlpox virus SECIS fused to GPx4 was mutated to disrupt the SBP2-binding site.](gkl1060f4){#fig4}

Mammalian cells support expression of the fowlpox *GPx4* gene
-------------------------------------------------------------

We further tested if the wild-type fowlpox *GPx4* gene containing the in-frame SECIS element can be expressed in mammalian cells. In addition to the wild-type construct, a corresponding construct coding for a Cys-containing mutant and several control constructs containing mutations within the SECIS element were generated. Mammalian Hepa1-6 (mouse hepatoma cell line) ([Figure 5A](#fig5){ref-type="fig"}) and HEK293 (human embryonic kidney cell line) cells ([Figure 5B](#fig5){ref-type="fig"}) supported Sec insertion into fowlpox virus *GPx4*. Mutations within conserved regions of the SECIS element, either within the conserved Quartet core region that binds SBP2 or within the apical loop previously shown to be important for Sec insertion, abrogated expression of the selenoprotein. However, compared with endogenous or recombinant mammalian selenoproteins, the level of expression of fowlpox virus GPx4 was very low. Surprisingly, even the Cys-containing mutant of this protein did not reach the expression level of Cys mutants of mammalian selenoproteins expressed in transfected cells ([Figure 5B](#fig5){ref-type="fig"}). The low expression level of the viral GPx4 in transfected mammalian cells precluded detection of this selenoprotein by metabolic labeling of cells with ^75^Se.

![Expression of wild-type fowlpox virus GPx4 in mammalian cell lines. (**A**) Western blot analysis of mouse hepatoma cell line Hepa1-6 transfected with wild-type fowlpox virus GPx4 construct (WT FPV GPx) or the corresponding construct in which the SBP2-binding site was disrupted (WT FPV GPx ΔATGA). (**B**) Transfection of HEK293 with wild-type fowlpox virus GPx4 (FPV GPx), its mutants lacking SBP2-binding site (WT FPV GPx ΔATGA) or the conserved AA in the apical loop (WT FPV GPx ΔAA), and the corresponding Sec-to-Cys mutants.](gkl1060f5){#fig5}

Expression of mammalian selenoproteins using designed in-frame SECIS elements
-----------------------------------------------------------------------------

Occurrence of SECIS elements within coding regions may result in significant sequence restrictions as the same mRNA segments would code for polypeptide and be engaged in stem--loop structure (i.e. efficient Sec insertion by the coding region SECIS element may need to be balanced by the use of appropriate amino acid residues encoded by the SECIS sequence that support selenoprotein function). To examine this situation, we attempted to design SECIS elements within coding regions of endogenous mammalian selenoprotein genes, again choosing *GPx1* and *GPx4* genes as model selenoproteins. Following the *de novo* computational design procedure described in Materials and Methods and selection of candidate structures, single nucleotide exchanges were introduced into *GPx1* and *GPx4* expression constructs, resulting in structures within the ORFs resembling SECIS elements as shown in [Figure 6A and B](#fig6){ref-type="fig"}, respectively. The mutations resulted in two amino acid changes in GPx1 (GPx1 1.IFS), as well as two amino acid changes in GPx4 (GPx4 IFS). In the case of GPx1, a construct was further modified to improve the stem of the structure (GPx1 2.IFS). To inactivate the native SECIS element in the 3′-UTR of the *GPx1* gene, the constructs were further modified to disrupt the SBP2-binding site, the conserved sequences in the apical loop, or both of these regions. As shown in [Figure 7A](#fig7){ref-type="fig"}, all three GPx1 constructs containing the coding region SECIS element expressed protein products in Hepa 1--6 cells. Although the expression levels were low compared with the construct expressing wild-type *GPx1*, the data clearly showed that the designed coding region SECIS element supported readthrough at the in-frame UGA codon. In the case of *GPx4*, however, no protein was detectable when the construct containing the designed SECIS element in the coding region was expressed, suggesting that the designed structure, while closely mimicking the SECIS element consensus, was not sufficient for efficient Sec insertion.

![Design of SECIS elements in the coding regions of mammalian selenoprotein genes. (**A**) Designed GPx1 SECIS element. **(B**) Designed GPx4 SECIS element. The first amino acids (methionine), Sec, and the SECIS elements are shown in boldface. The amino acids that were mutated to accommodate the designed SECIS elements are highlighted. The newly introduced residues are shown by gray circles, and further changes in the designed GPx1 SECIS are shown by white circles.](gkl1060f6){#fig6}

![Expression of GPx1 containing a designed in-frame SECIS element. (**A**) Hepa1-6 cells were transfected with WT GPx1 and different in-frame SECIS element containing constructs. The construct GPx1 2.IFS ΔATGA contains an additional modification in the stem-region as shown in [Figure 6A](#fig6){ref-type="fig"}. To disrupt the function of the natural SECIS element, mutations were made in either the SBP2-binding region or the apical loop. (**B**) Transfection of HEK293 cells. No expression was detectable for GPx4 containing a designed in-frame SECIS element. Note the low expression level of the Cys mutant with the designed in-frame SECIS element compared with GPx1. Expressed proteins were detected by western blot analysis using antibodies specific for V5 tag.](gkl1060f7){#fig7}

We further generated Cys mutants of *GPx1* and *GPx4* that contained designed SECIS elements in the coding region. Interestingly, while in the case of *GPx1* the expression level was increased as expected for Cys-containing mutants of selenoproteins, expression of the *GPx4*-based Cys mutant was relatively low ([Figure 7B](#fig7){ref-type="fig"}).

Expression of mammalian selenoproteins using upstream SECIS elements
--------------------------------------------------------------------

The data described above suggest that the location of SECIS element is not as much a functional necessity but rather a matter of efficient Sec insertion. To further examine the function of SECIS elements located in coding regions, we tested whether SECIS elements could function if present upstream of the Sec-encoding UGA. We generated the constructs wherein the fowlpox virus SECIS element was cloned upstream of the wild-type *GPx1* gene containing an initiation codon plus one additional nucleotide to preserve the reading frame of *GPx1*. In addition, the constructs contained a V5 tag to allow detection of the expressed proteins, which was cloned between the fowlpox virus SECIS element and GPx1 ORF. The sequence coding for the tag contained another translation initiation ATG codon, which was deleted. This modification allowed higher levels of expression suggesting that this ATG could be used as an alternative initiation codon. As shown in [Figure 8A](#fig8){ref-type="fig"}, readthrough at the in-frame TGA codon was detectable when a functional SECIS element was located upstream of the Sec codon. Since the use of the control construct that had mutations in the SECIS did not result in detectable protein, it is possible that the upstream SECIS could also support Sec insertion. However, since the expression level was low, the use of ^75^Se was not feasible. Therefore, definitive conclusions on whether this SECIS inserted Sec or only supported readthrough could not be made. Interestingly, GPx1 could be detected at low levels when the apical loop of the upstream coding SECIS element was mutated from AA to TT. Expression of the protein from the constructs, in which the SECIS element was in the 5′-UTR (i.e. absence of the ATG in the fowlpox virus SECIS region and translation initiation at V5 tag) could not be detected (data not shown).

![An upstream SECIS element allows readthrough at in-frame UGA codons. (**A**) Constructs were generated in which the fowlpox SECIS element was cloned upstream and in-frame with the ORF of GPx1 separated by a V5 tag. Control constructs contained mutations in either the SBP2-binding region or in the conserved loop region. (**B**) Schematic illustration of the constructs used in (A). Numbers on the left correspond to lane designations in A.](gkl1060f8){#fig8}

Computational analysis of the human genome for in-frame SECIS elements
----------------------------------------------------------------------

We have previously analyzed human and mouse selenoproteomes for SECIS elements and selenoprotein genes ([@b20]). However, this search focused on SECIS elements in the 3′-UTR. The data that SECIS elements could also function if present in the coding regions raised the possibility that additional selenoprotein genes might exist in mammals. Therefore, we carried out an additional search of the human genome for SECIS elements, extending the search to the coding regions ([Figure 9](#fig9){ref-type="fig"}). While known selenoprotein genes could be efficiently identified by this procedure, no selenoprotein genes with coding SECIS elements were identified. Thus, the use of the coding SECIS element appears to be unique to viral selenoproteins.

![Computational search of the human genome for selenoprotein genes containing SECIS elements in the coding region. A total of 23 selenoprotein genes could be detected using this procedure; however, no additional selenoprotein genes containing SECIS elements in the coding region were found.](gkl1060f9){#fig9}

DISCUSSION
==========

Viruses are known for their ability to acquire new genomic information by integrating host-derived genes. In 1998, this was shown for a homolog of human *GPx1* of *M.contagiosum*, a virus known to cause skin neoplasms in immunocompromised humans. *M.contagiosum* belongs to the family of poxviridae ([@b19]). This protein still remains the only known true viral selenoprotein. In this study, we carried out the most comprehensive computational analysis of currently available viral genomes. Following the analysis of 1977 viral sequences (29 970 818 bp), we identified three SECIS elements, including the formerly identified *GPx1* homolog. Surprisingly, detailed analysis of the other candidates revealed an unusual location of the SECIS element within the ORF of a fowlpox selenoprotein gene. In contrast, the *M.contagiosum* gene had the SECIS element in the 3′-UTR, similar to its mammalian counterpart. Interestingly, the two new SECIS element-containing genes also belonged to the glutathione peroxidase family; however, both were derived from the GPx4 subfamily. Both candidates have also evolved in avian pox viridae, i.e. fowlpox virus and canarypox virus ([@b28],[@b29]). Recombinant fowlpox virus is currently being investigated as a promising candidate vector in the search for a suitable delivery system of HIV antigens and other vaccines, since it is not known to cause disease in humans ([@b30],[@b31]). However, in chickens it results in skin lesions, or in a more devastating diphteric form causing inflammation of the upper respiratory tract. Infections with fowlpox virus result in considerable economic loss for the poultry industry ([@b28]).

Although both new SECIS candidates were present within the coding region, currently available sequencing data suggest that only the fowlpox transcript encodes a Sec-containing protein, while the canarypox virus-encoded transcript codes for a Cys-containing homolog ([@b29]). Thus, it appears that there was a recent mutation of Sec to Cys codon in canarypox virus. Occurrence of a fossil SECIS element indicates that the GPx4 selenoprotein gene was first acquired from the host and recently converted to the Cys form. The fact that at least two selenoproteins are encoded by viral genomes suggests that these proteins provide substantial advantage for viruses. In mammals, GPx4 is an essential protein ([@b32]). Similar to GPx1, the fowlpox virus GPx4 may provide survival benefits for the virus, either within or outside of its host.

The mechanism of eukaryotic selenoprotein synthesis is not fully understood. While in recent years much information has been added to our understanding of how Sec is incorporated into nascent peptide chains, several key observations are still not explained. For example, it is not clear why the mechanism of Sec insertion is different in prokaryotes, archaea and eukaryotes. Our study shows for the first time that mammalian cell lines support the expression of selenoproteins using an in-frame SECIS element as is the case in prokaryotes. However, the level of expression decreases dramatically compared with the SECIS present in the 3′-UTR. Perhaps, binding of SBP2 or other SECIS-binding proteins to the overall structure interferes with the rate of translation elongation. Since secondary RNA structures are generally melted by helicases, the melting would inhibit association of SECIS element with its binding partners thereby impeding Sec insertion. Evolution of SECIS elements in the 3′-UTR allows linearization of the ORF while preserving the functional structure in the 3′-UTR. Although bacterial SECIS elements are located in the coding regions, they have to be close to the Sec codon because of the coupling between transcription and translation.

Thus, it seems that the 3′-UTR location of SECIS elements in eukaryotes is a novelty that was possible due to separation of these processes in eukaryotes (i.e. transcription in the nucleus and translation in the cytosol). In this regard, the use of the coding region SECIS in fowlpox may be due to cytosolic replication of this virus. Whereas coding region SECIS elements could support Sec insertion in other selenoprotein genes, the SECIS elements are maintained in the 3′-UTRs due to evolutionary pressure that maximizes efficiency of Sec insertion.

SUPPLEMENTARY DATA
==================

Supplementary data are available at NAR online.

###### \[Supplementary Data\]

We thank Drs W. M. Schnitzlein and D. N. Tripathy, University of Illinois at Urbana-Champaign, IL for providing fowlpox DNA, Dr D. L. Rock, Plum Island Animal Disease Center, Greenport, NY for his advice, and Dr D. L. Hatfield for comments on the manuscript. This work is supported by NIH GM061603 (to V.N.G.). Funding to pay the Open Access publication charges for this article was provided by GM061603.

*Conflict of interest statement.* None declared.
